Fruticulture is a prominent component of Brazilian agriculture. Studies have shown that climatic variability and its impact on the physiological development of plant species are fundamental for planning the agricultural calendar, resource conservation, and sustainable management of production. In this context, one of the first criterion for planting a crop is agroclimatic zoning, since it provides information on climate-related risks and aids decision-making and agricultural planning. The objective of this study was to carry out climatic risk zoning for avocado (Persea americana Mill.) in the basin of Paraná River III, Paraná State, Brazil. Meteorological data from 43 stations, from 1976 to 2018, were used. The climatic risk analysis was based on the requirements of the avocado for precipitation, water balance, average annual temperature, and frost tolerance. Statistical and geoprocessing techniques ensured full regional coverage of data and contributed to decision-making. The results identified favorable climatic conditions for all climatic variables in the western part of the river basin. Despite water deficits in some months, rainfall and water balance were not restrictive for avocado production in the region. Avocado tree cultivation is not recommended in the eastern part of the basin, where there is a considerable risk of frost.
Introduction
Fruticulture is an activity that makes a key contribution to the national economic development of Brazil. According to the literature, fruticulture is an agricultural activity that is subject to meteorological and climatic risks [1] [2] [3] . Studies of meteorological elements on a global scale have allowed for improvements in our understanding of the relationship between the environment and cultivated plants, including fruit crop plants, both for zoning, planning, and preparation of agricultural calendars based on conservationist agriculture principles [1, [4] [5] [6] [7] .
Materials and Methods

Climate Variability
The hydrographic basin of Paraná River III is located in a Cfa climate, which means that it has a humid subtropical climate according to the Köppen climate classification. This is characterized by the absence of drought seasons and by summers with higher average temperatures. This climate is controlled by airmasses from tropical regions (the Atlantic Tropical Mass and the Continental Tropical Mass) and the Atlantic Polar Mass. In addition, the Continental Equatorial Mass can influence the Cfa climate zone during the summer season. Due to the temperature and humidity differences in these climatic masses, the area of the basin is a convergence zone for these climatic front systems, particularly in the winter season period [25] .
For the purpose of this study, we selected the hydroclimatic requirements of the studied species and weather data of annual, seasonal, monthly, and daily time series with clipping from 1976 to 2018. In order to analyze climate variability and produce the climate risk zoning, data from meteorological stations distributed around the basin were surveyed. The database comprises data from numerous weather stations, including six IAPAR-Instituto Agronomico do Paraná (Brazil) stations (data from 1976 to 2018), ten SIMEPAR-Sistema Meteorológico do Paraná (Brazil) stations (data from 2000 to 2018 were included to contribute to analyses, even though a short period of time), and 27 Águas Paraná (Brazil) stations (data from 1976 to 2018); see Figure 1 . Rainfall data (from the monthly totals of each year) and the monthly average temperature (from the monthly averages of the daily values of each year) were extracted. Then, potential evapotranspiration (PET) was calculated according to the Thornthwaite method. First, the standard potential evapotranspiration (PET, mm/month) was calculated using the empirical formula: 
where Tn is the average temperature of month n (n = 1 is January, n = 2 is February, etc.) in °C, and I is an index that expresses the heat level of the region. The value of I depends on the annual temperature cycle, integrating the thermal effect of each month, and is calculated using the formula
The exponent "a", being a function of I, is also a regional thermal index, and is calculated using the expression = 0.49239 + 1.7912 x 10 − 7.71 x 10 + 6.75 x 10 .
The PET value represents the total monthly potential evapotranspiration that would occur under the thermal conditions of a standard 30 day month, and with a 12 hour photoperiod (N) each day. Therefore, PET should be corrected for N and the number of days in the period. For this study, we used data from stations that had long term data series . The spatialization of these data was performed by interpolation, which is an effective method for spatial visualization of climate data. This was done using isohyets and/or by spatially filling the values through adjusted regression statistics, using the inverse distance weighted spatial interpolation algorithm [26] . The maps were created using QGIS software.
Rainfall data (from the monthly totals of each year) and the monthly average temperature (from the monthly averages of the daily values of each year) were extracted. Then, potential evapotranspiration (PET) was calculated according to the Thornthwaite method. First, the standard potential evapotranspiration (PET, mm/month) was calculated using the empirical formula: 
where Tn is the average temperature of month n (n = 1 is January, n = 2 is February, etc.) in • C, and I is an index that expresses the heat level of the region. The value of I depends on the annual temperature cycle, integrating the thermal effect of each month, and is calculated using the formula
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The exponent "a", being a function of I, is also a regional thermal index, and is calculated using the expression a = 0.49239 + 1.7912 x 10 −2 I − 7.71 x 10 −5 I 2 + 6.75 x 10 −7 I 3 .
The PET value represents the total monthly potential evapotranspiration that would occur under the thermal conditions of a standard 30 day month, and with a 12 h photoperiod (N) each day. Therefore, PET should be corrected for N and the number of days in the period.
Agroclimatic Risk Zoning
The risk factors selected for agricultural climate risk zoning are:
(a) Annual Water Deficiency (AWD): This was estimated using the method of Thornthwaite and Matter (1955) , and obtained by calculating the normal climatological water balance for the meteorological stations. We used a value of 100 mm for the available water capacity in the soil, considering that the avocado root system explores the soil profile to a depth of more than 1 m [26] . The results obtained were interpolated using the ArcGIS 10.0 geographic information system to generate the annual water deficit maps. The following thresholds were considered for the risk of water deficiency: high risk-AWD > 100 mm; low risk-AWD < 100 mm [20, 27, 28] . (b) Average Annual Temperature (Ta): Meteorological data from historical series of average temperatures observed inside meteorological shelters were used to estimate the average annual temperature. Using the Ta value, regression was applied as a function of latitude, longitude, and altitude for the whole basin. The risk classes defined for Ta were as follows: high risk-below 19 • C; medium risk-between 19 and 21 • C; low risk-greater than 21 • C [26, 29, 30] . (c) Frost Risk: We used meteorological data from the thirteen-season historical series, taking into account occurrences of temperatures of 1 • C or below as observed within the meteorological shelters, to calculate the risk of frost. The probabilities of annual frost occurrence were calculated and correlated with altitude and latitude, obtaining a regression equation for the risk of frost. Using adjusted regressions, values greater than 40% were considered to be high risk [26, 28, 29] .
For the creation of thematic maps and the final zoning map, ArcGIS software was used. Firstly, the numerical values from the meteorological stations were transformed into points, according to their geographical coordinates. We then used the edaphoclimatic requirements of the avocado species to produce data spatialization, which was used for the delimitation of the representative bands of the avocado climate requirements. Thus, the station values were replaced by "1. Apt" or "2. Restricted", according to the physiological requirements for each meteorological variable analyzed.
The next step was to combine the matrix images. Each pixel was assigned with the values "1" or "2", as already described. If the combination for a point was filled only with values "1", the region was classified as fit. If it had a value of "2" it was restricted by a given variable. If two or more "2" values were assigned, the location was classified as unfit.
Then, standardization of the pixels using classifications was performed by dissolving the vector classes. In this way, the agroclimatic zoning classes were grouped, thus defining regions of suitability for the studied species. The final map showing the agroclimatic zoning of each crop will provide an estimate of the representative area of each risk class, ensuring its suitability for the site.
Results and Discussion
The hydrographic basin of Paraná River III has a significant annual rainfall average ( Figure 2 ). In the far north (Guaíra region), the annual rainfall average was 1550 mm, while the highest rainfall averages values (2125 mm) were observed in the south of the basin (Cascavel region). The average annual rainfall is sufficient for avocado cultivation across the entire area. The distribution and frequency of rainfall precipitation during the year are very important, particularly in the initial planting and development phase, as well as during the reproduction phase.
Although other regions of Paraná state experience the wettest month in January [27, [31] [32] [33] , the hydrographic basin of Paraná River III experiences the highest rainfall and the highest monthly median during October (Figure 3 ).
The municipality of Matelândia showed great rainfall variations in May, varying from 557 mm in 1992 to 2.5 mm in 2006. The only month without any rain in this season that has been recorded was August 1999. Seven outliers and one extreme were identified, that were concentrated mainly during the winter and spring months.
The municipality of Santa Lucia was identified as having the highest monthly rainfall, with 608 mm observed in June 2014. There were five outliers and two extremes in this location. Comparatively, there was a difference in the distribution of rainfall between municipalities of Matelândia and Santa Lucia, with December being wetter than November in the latter, and February wetter than May (see Figure 3 ). The average annual rainfall is sufficient for avocado cultivation across the entire area. The distribution and frequency of rainfall precipitation during the year are very important, particularly in the initial planting and development phase, as well as during the reproduction phase.
The municipality of Santa Lucia was identified as having the highest monthly rainfall, with 608 mm observed in June 2014. There were five outliers and two extremes in this location. Comparatively, there was a difference in the distribution of rainfall between municipalities of Matelândia and Santa Lucia, with December being wetter than November in the latter, and February wetter than May (see Figure 3 ).
The municipality of Terra Roxa exhibited the lowest monthly variation between Q1 (Quartile 1) and Q3, especially in July, with a variation of 43 mm. By contrast, this municipality had the highest concentration of outliers (13) and extremes (5) . Toledo exhibited the largest variation between quartiles, in May, with a difference of 202 and 566 mm between the maximum and minimum values. The municipality of Terra Roxa exhibited the lowest monthly variation between Q1 (Quartile 1) and Q3, especially in July, with a variation of 43 mm. By contrast, this municipality had the highest concentration of outliers (13) and extremes (5) . Toledo exhibited the largest variation between quartiles, in May, with a difference of 202 and 566 mm between the maximum and minimum values.
The results showed a large monthly variation of precipitation in the region. This demonstrates the importance of climate zoning and can be used to determine the best planting times and appropriate management practices. The month of October had the best conditions for planting the seedlings, since it is the wettest month. From the box plot analysis, it was observed that July had the lowest recorded rainfall (50 mm), so the risk of planting in July is different from that of planting in the autumn and winter months, due to frequent occurrence of months without rain in the region.
It was determined that Cascavel, São Miguel do Iguaçu, and Toledo did not experience water deficiencies in any month (Figure 4 ) by water balance, while the municipality of Assis Chateabreand had only 1.2 mm of rainfall in March. Foz do Iguaçu and Guaíra experienced water deficiency in March, albeit with higher rainfall values (22 and 37 mm, respectively). The water deficiency in Guaíra continued until May.
As the risk assessed was a cumulative annual of 100 mm, no season presented risks for avocado cultivation. In Guaíra, which was observed to have greater deficiency, the accumulated rainfall was 56 mm. Because avocado trees typically have deep roots, the plants can extract water from deeper soil layers or horizons [27] . The water balance was less favorable from January to April, due to high The results showed a large monthly variation of precipitation in the region. This demonstrates the importance of climate zoning and can be used to determine the best planting times and appropriate management practices. The month of October had the best conditions for planting the seedlings, since it is the wettest month. From the box plot analysis, it was observed that July had the lowest recorded rainfall (50 mm), so the risk of planting in July is different from that of planting in the autumn and winter months, due to frequent occurrence of months without rain in the region.
As the risk assessed was a cumulative annual of 100 mm, no season presented risks for avocado cultivation. In Guaíra, which was observed to have greater deficiency, the accumulated rainfall was 56 mm. Because avocado trees typically have deep roots, the plants can extract water from deeper soil layers or horizons [27] . The water balance was less favorable from January to April, due to high temperatures and increased evapotranspiration. The water annual deficiencies in these months would not prevent the establishment of the crop in the region, but the planting period should be adjusted to avoid drought periods.
temperatures and increased evapotranspiration. The water annual deficiencies in these months would not prevent the establishment of the crop in the region, but the planting period should be adjusted to avoid drought periods.
Avocado trees require a significant quantity of water. Therefore, it is recommended that they be cultivated in regions that have an annual average rainfall of around 1500 m. In areas where the distribution of rainfall is irregular or insufficient, the of use irrigation at the beginning of planting is recommended to meet the needs of the plants and to ensure higher quality fruit are produced [27] . As can be seen, rainfall in the region is sufficient for the full development of avocado plants. Prolonged periods of drought can cause loss of flowers, reducing fruit production. Excessive rainfall during the flowering period may impair pollinator action and pollen quality, affecting fruiting [27] .
The average annual temperature ( Figure 5 ) was observed to show a similar pattern to the surface topography of the region. This justifies the proposed planting distribution, since the higher altitude areas near Cascavel experienced the lowest temperatures and the lower altitude areas experienced the highest average temperatures. Avocado trees require a significant quantity of water. Therefore, it is recommended that they be cultivated in regions that have an annual average rainfall of around 1500 m. In areas where the distribution of rainfall is irregular or insufficient, the of use irrigation at the beginning of planting is recommended to meet the needs of the plants and to ensure higher quality fruit are produced [27] .
As can be seen, rainfall in the region is sufficient for the full development of avocado plants. Prolonged periods of drought can cause loss of flowers, reducing fruit production. Excessive rainfall during the flowering period may impair pollinator action and pollen quality, affecting fruiting [27] .
The average annual temperature ( Figure 5 ) was observed to show a similar pattern to the surface topography of the region. This justifies the proposed planting distribution, since the higher altitude areas near Cascavel experienced the lowest temperatures and the lower altitude areas experienced the highest average temperatures.
As been previously observed, the average annual temperature limit value for avocado production is As been previously observed, the average annual temperature limit value for avocado production is 21 °C. The high-altitude areas of the Cascavel region had temperature values around 21 °C. The edges of the valleys in the central portion had average temperature values of 21.5 °C. The southern, western, and northern areas, which are closest to the Paraná River channel, had suitable temperatures with average values above 22 °C. The highest average temperatures were observed in the Guaíra region, in the extreme north of the basin, which reached temperatures over 23 °C. The risk of annual frost in the region was similar to the average temperatures, with higher risk in the eastern area and in some valley bottoms in the most central area of the basin.
The only unfit region was the far east, near Cascavel and Santa Tereza do Oeste, due to a high frost risk (above 25%; Figure 6 ). It is noteworthy that the studied species is more sensitive to frost in its early years of development. In its adult phase, only extreme cold can damage the fruit and this does not lead to senescence [27] . The only unfit region was the far east, near Cascavel and Santa Tereza do Oeste, due to a high frost risk (above 25%; Figure 6 ). It is noteworthy that the studied species is more sensitive to frost in its early years of development. In its adult phase, only extreme cold can damage the fruit and this does not lead to senescence [27] . A marginal region for production was identified in the central part, from the north to the south of the basin. This region faced restrictions solely due to frost, since all other factors showed aptitude for growing avocadoes. The risk of frost damage, as mentioned previously, is higher for newly planted orchards and, hence, frost protection methods may be required at this stage of development. Thus, producers should avoid the valley bottoms and base or tops of slopes, but should instead give preference to cultivation in areas that are not very steep to facilitate the movement of cold air. In particular, the hilltop and half slope should be used, especially in the north-facing sites. This is because, as has been already discussed, the cold front has preferential displacement in the south/southwest direction and in the northeast direction.
It should be noted that zoning does not eliminate the risks, but only presents more favorable conditions for the development of avocado orchards. As agriculture is a risky activity, all activities are susceptible to extreme events, which may or may not cause harm. Zoning provides greater security in decision-making, agricultural planning, and climate change scenarios, especially in the hydrographic basin of Paraná State III.
Conclusions
The hydrographic basin of Paraná River III contains areas of low climate risk for growing avocadoes, and only a small portion in the eastern part of the region was observed to have risk factors, which were mainly linked to frost. The region under study has sufficient rainfall for avocado cultivation. In marginal regions, care should be taken with orchard site selection, and it is important to avoid areas that are prone to frost. The use of management techniques and sustainable agriculture to mitigate climatic risks are also important.
It is recommended to plant new avocado orchards during the first week of October because of the water requirements of this species. Because of the long development time required for avocadoes to gain frost tolerance, protection practices should be implemented, especially for the first years of a A marginal region for production was identified in the central part, from the north to the south of the basin. This region faced restrictions solely due to frost, since all other factors showed aptitude for growing avocadoes. The risk of frost damage, as mentioned previously, is higher for newly planted orchards and, hence, frost protection methods may be required at this stage of development. Thus, producers should avoid the valley bottoms and base or tops of slopes, but should instead give preference to cultivation in areas that are not very steep to facilitate the movement of cold air. In particular, the hilltop and half slope should be used, especially in the north-facing sites. This is because, as has been already discussed, the cold front has preferential displacement in the south/southwest direction and in the northeast direction.
It is recommended to plant new avocado orchards during the first week of October because of the water requirements of this species. Because of the long development time required for avocadoes to gain frost tolerance, protection practices should be implemented, especially for the first years of a newly planted orchard. In its adult phase, only extreme cold can damage the fruit, and this does not cause senescence. The eastern part of the region, which has higher altitudes and higher frost risk, is not suited for the cultivation of avocadoes. 
